[1] An extensive analysis of multiple ScS reverberation data sets sampling regions of active or recent subduction reveals evidence of midmantle reflections apparently stemming from fragments of subducted slabs or from the interaction between subducted slabs and the surrounding mantle. Transition zone reflectors are detected beneath the southwest Pacific Ocean and Melanesia with mean depths of $850 and 1100 km in the majority of source-receiver corridors crossing the study area. The observations are most spatially coherent beneath the Coral and Tasman Seas. Coincident observations of the two reflectors along most seismic corridors suggests (but does not mandate) the existence of two distinct reflectors rather than bimodal depth distribution of a single reflector or distributed scatterers. Beneath North America, reflectors at depths of $1380 and 1530 km are seen in the midcontinent region; further east, the reflections are shallower, with depths near 940 and 1130 km. Unlike the southwest Pacific, the reflectors are not paired in any of the individual source-receiver corridors. This and the depth variability of the observations indicate that the reflector (or reflectors) in the Americas is (are) fragmented from west to east (transecting source-receiver corridors). The impedance contrasts of these features rival that of the 660-km discontinuity, suggesting that individual fragments of the reflecting surfaces must be relatively continuous and flat from north to south (along individual corridors) to maintain a strong apparent impedance contrast. The reflections in both study areas are unlikely to be the result of slabs interacting with a chemical boundary layer or small-scale scatterers within the midmantle. More likely these reflectors result from a pressure-temperature-dependent phase transition within or around subducting slabs.
Introduction
[2] ''How many degrees of compositional freedom exist in the Earth's mantle?'' is an enduring question. In its early evolution, it focused on the existence of a chemically distinct lower mantle, an idea that can be traced at least as far back as Washington's ''Lithosporic'' layer as postulated by Williamson and Adams [1923] . More modern arguments, including the need for a geographically extensive yet infrequently tapped so-called primitive mantle reservoir, difficulties in explaining the high-frequency reflectivity of the 660-km discontinuity [Lees et al., 1983] , the floor-toslab seismicity, and doubts about convective penetration of the transition zone [e.g., Knopoff, 1964; Ringwood, 1972] led many researchers to postulate a primordial (or nearly so) reservoir occupying the whole of the lower mantle [e.g., DePaolo, 1980; Wasserburg and DePaolo, 1979] , segregated by its greater intrinsic density, an endothermic reaction at 660 km depth, and, perhaps, much greater viscosity.
[3] Seismic demonstration of slabs penetrating the transition zone with sufficient flux to flush the lower mantle several times over [e.g., Creager and Jordan, 1984; Grand et al., 1997; prompted a revisiting and recasting of the question. Perhaps the boundary between the reservoirs is semipermeable? Former oceanic crust might be stripped off of subducting oceanic lithosphere and kept in the upper mantle or transition zone, feeding growth of lowermost transition zone megalith suites [e.g., Ringwood, 1982] . Or perhaps the lower mantle is intrinsically denser than the upper mantle such that slab penetration occurs without significant entrainment, slab residence time in the lower mantle is limited and slab assimilation is negligible [e.g., Silver et al., 1988] , allowing for slab penetration and maintenance of chemically distinct reservoirs.
[4] Conversely, convective mixing calculations suggest that even relatively small heterogeneities can have long half-lives in the face of turbulent mantle flow and could, in a plum-pudding sense, satisfy the need for a long residence time reservoir [e.g., Gurnis and Davies, 1986] . Could the geochemically mandated primitive reservoir be many bodies spun like lottery balls in the mantle? If so, a crucial question is the size distribution of the bodies. Geochemistry provides some clues, for example the Dupal anomaly [e.g., Castillo, 1988] and the ability of three or four end-member models to accurately predict island arc basalt trace element variations imply long wavelength power in the spectrum [Hart and Zindler, 1989] , whereas along-strike variations in MORB imply short wavelength power [Gurnis, 1986] . Power at scale lengths in between these extremes is less well understood, but the spectrum is wide, by necessity of energy at the long and short ends.
[5] Recent images of the lower mantle are dominated by megaplumes beneath the central Pacific and south Africa [e.g., Grand et al., 1997; Li and Romanowicz, 1996; Megnin and Romanowicz, 2000; . Coupled with numerical and laboratory models of convection demonstrating diapiric modes [Davaille, 1999] , these images have rekindled arguments for a two-reservoir mantle [e.g., Kellogg et al., 1999] . Other evidence is supportive (the decorrelation of P and S velocities below $2000 km [Saltzer et al., 2001; Su and Dziewonski, 1997] , difficulties in matching the density of the lower mantle with upper mantle magnesium to iron ratios, etc.), but not inescapable.
[6] Seismic studies suggest the midmantle is much more homogeneous than the upper and lowermost mantle regions [Davies et al., 1992] , and many studies examining midmantle depth ranges have found no evidence for abrupt changes in radial structure in the midmantle [e.g., Shearer, 1991; Vidale et al., 2001] . Detection of midmantle heterogeneity in the form of high-frequency scatterers, reflectors, and sites of wave conversion is more common in regions of subduction [e.g., Castle and Creager, 1999; Kaneshima and Helffrich, 2003; Krueger et al., 2001; Niu and Kawakatsu, 1997; Niu et al., 2003; Vinnik et al., 1998] . Results from tomography also show enhanced midmantle heterogeneity near subduction zones. Fukao et al. [2001] categorize subduction styles into regions where the slabs deflect horizontally above or below the 660-km discontinuity but remain connected to the slab at the trench along the surface and regions where remnant slabs have disconnected from surface plates and are sinking deeper through the mid-and lower mantle, indicating that compositional variability in the midmantle is varied even in tectonically similar regions.
[7] We utilize multiple ScS reverberations in two geographically extensive study areas to investigate midmantle heterogeneity. Both are sites of recent or active subduction penetrating to at least transition zone depths. The first uses the abundance of intermediate and deep seismicity along the Pacific -Austral -Indian plate boundary to densely image the region bounded by Australia to the west, Papua New Guinea, the Solomon Islands and the Vitiaz Trench to the north, the Tonga-Kermadec trench to the east, and New Zealand and Tasmania to the south. Revenaugh and Jordan [1991b, 1991c] investigated the mid-and lower mantle structure of the southwest Pacific and did not detect any layering until the lowermost mantle, aside from very small impedance increases near 700 and 900 km depth. However, depth variability along slab-related midmantle heterogeneity is likely, and averaging along fairly long or broad sourcereceiver corridors may have masked the signals of such features. The Revenaugh and Jordan studies also suffered from the limited long-period digital seismogram archive available at the time, an archive that has since swelled by an order of magnitude. We utilize the nearly twenty years of additional seismicity and the increase in receivers across the region to reexamine mantle discontinuity structure beneath the region. The increase in available data allows us to narrow the geographic area covered along individual source -receiver corridors, reducing averaging, enabling detection of subtle features, and increasing the likelihood of highlighting localized features that may have gone undetected in earlier, smaller multiple ScS data sets.
[8] For the second region, intermediate depth earthquakes from Central and northern South America recorded across the continental United States are used to study the structure beneath continental United States, Mexico, and the Gulf of Mexico. While the source geometry of the Americas does not lend itself as readily to multiple ScS reverberation mapping, we produce a fan of seismic corridors spanning the United States that enables us to look at midmantle heterogeneity potentially associated with ongoing subduction of the Farallon slab through the midmantle. 
Method
[11] Seismograms were preprocessed by deconvolving to ground velocity, rotating to radial and transverse components, low-pass filtering, and decimating to a 3-second sampling interval following Revenaugh and Jordan [1989] . Data with low signal-to-noise ratios or with apparent source complexity were discarded from the data sets. Mantle discontinuity depths and impedance contrasts were calculated using the hierarchical waveform inversion method described by Revenaugh and Jordan [1989, 1991a] . The only change to the method was that the source time function was taken to be a rectangular pulse with the half-duration of Reflection coefficient is related to impedance contrast such that R(z) = [(r 2 n 2 À r 1 n 1 )/(r 2 n 2 + r 1 n 1 )] with r = density, n = velocity, and subscripts 1 and 2 indicating the upper and lower layers, respectively. The number of traces is given as total seismograms (# Stations, # Events). Bandpass filter parameters provided are low cut, low corner, high corner, and high cut in mHz. See Figure 1 for path locations.
the event as reported in the global Centroid Moment Tensor (CMT) catalog [e.g., . Because these are assigned based on event magnitude, rather than modeled on an event-by-event basis, their consistency with reverberation data was visually verified for each record and adjusted manually when necessary. At the periods of interest ($25 s), accurate estimates are only necessary for the largest magnitude events. Zeroth-order ScS reverberations, i.e., multiple ScS and sScS phases, were used to characterize mean mantle properties. First-order reverberations, i.e., those that are once reflected from boundaries internal to the mantle, are used to detect and characterize internal mantle discontinuities. A least ScS multiples were modeled for each seismogram, and the entire reverberative interval, that is, the entire region between the tail-end of surface wave arrivals along the minor arc and the first arriving major arc body waves, was modeled whenever possible. Synthetic zeroth-order reverberations obtained by waveform inversion were removed from the data, leaving a residual signal consisting of first-and higher-order reverberations from discontinuities throughout the mantle and noise (both ambient and signal generated) [Revenaugh and Jordan, 1991a, 1991b] .
[12] One-dimensional migration of the first-order reverberations leads to profiles of shear reflectivity versus depth for the mantle. The general velocity model of Revenaugh and Jordan [1991a] used in the migration was scaled to match the ScS traveltime for each source -receiver corridor. Migration proceeds trace by trace. Synthetic seismograms modeling the first-order reverberation response from a unit reflectance mantle discontinuity are cross-correlated with data. The results are stacked in the frequency domain with weighting by signal-to-noise ratio. By moving the target discontinuity through the mantle, the method produces a 1D depth migrated estimate of shear wave reflectivity. Synthetic seismograms are also migrated, leading to a synthetic reflectivity profile that is compared to the data to interpret the locations of discontinuities within the mantle. The models are calculated in a series of iterations so that the preferred model contains the minimum number of discontinuities necessary to accurately match the data. Discontinuities were modeled for peaks that did not exceed the 95% confidence level if similar features were seen in nearby source -receiver corridors and if inclusion of the discontinuity in the synthetic greatly improved the fit to the data.
[13] Depths and impedance contrasts are averaged over the source -receiver corridors, and local variability along paths will dampen the amplitudes of observations. For this reason, relative impedance contrasts of discontinuities or reflectors along a path are more reliable than absolute values. Particularly in the Americas study, comparison of amplitudes between paths is best done on a relative sense, i.e., amplitude ratios of pairs of discontinuities for a single path, due to the long path length and tectonic variability from path to path. In addition to the geographic distribution of source -receiver corridors containing observations of reflectors (or the lack thereof), the relative strength of reflectors along a single corridor can be used to estimate the geographic extent of features at depth. For example, a reflectivity peak modeled as an impedance contrast of, say, half that of the 660-km discontinuity must result from reflections along a considerable portion of the path in order to represent geologically reasonable changes in density and velocity.
[14] Individual scaling of the velocity model leads to differences in apparent discontinuity depths between corridors. For the southwest Pacific study we address this through individual corrections for bathymetry, crustal thickness, and background mantle heterogeneity for each corridor following Revenaugh and Jordan [1991b] . The resulting discontinuity depths are referenced to PREM [Dziewonski and Anderson, 1981] , and the depth errors of 5-7 km reported by Revenaugh and Jordan [1989] are appropriate for the southwest Pacific data. The tectonic variability along the Americas paths limits the value of tailoring corrections for individual paths, and for this reason, we increase the errors on discontinuity depth to 12-15 km for these paths. Sensitivity to two-way traveltime (not one-way differential time as is the case for receiver 
Results
[15] Impedance increases associated with midmantle reflectors are seen beneath both study areas, indicating that these regions are more heterogeneous than is typically reported for the midmantle, potentially a result of the regions' associations with subduction. The depths and impedance contrasts for the 660-km discontinuity and midmantle reflectors are reported in Table 1 .
Southwest Pacific and Melanesia
[16] Two reflectors below the 660-km discontinuity were detected beneath many of the source -receiver corridors in the southwest Pacific, with average depths of 852 and 1108 km. The observations are spatially coherent beneath the Coral and Tasman Seas, though there are variations in the depths of the observations. The two reflectors are often seen together in the same corridor, suggesting that they represent two distinct reflectors rather than the result of topography along one discontinuity. Examples of the SH-reflectivity profiles from the region are shown in Figure 2 . On average, the midmantle reflectors have impedance contrasts roughly $50% of the 660-km discontinuity. Consistency between nearby source-receiver corridors is shown through a stack of three paths that are contained within the Coral Sea region (Figure 3) . The data profiles from the three paths sum to provide clear peaks in the reflectivity profile for all of the discontinuities included within the modeled data. The excellent match of the Figure 4 . Spatial distribution and topography of midmantle reflectors in the southwest Pacific with average depths of (left) 852 km and (right) 1108 km. Background SH-tomography is from Megnin and Romanowicz [2000] and is sliced through depths of (left) 850 km and (right) 1100 km. Topography was contoured using a smoothed least squares inversion of the depths obtained along individual sourcereceiver corridors. Figure 5 . SH-reflectivity profiles for the source -receiver corridors in the Americas study area that did not (top) and did (bottom) contain midmantle reflectors. Each profile contains data (left) and preferred synthetic (right) stacks. Peaks in the data stack extending beyond the gray shaded regions are significant at the 95% confidence level. Vertical axis is depth (z, km) from the free surface; horizontal axis is reflection coefficient (R(z), %). Depths for reflectors included in the preferred model are shown by dashed lines. The gap in data and synthetic profiles from 1200 to 1350 km is a result of unstable estimates due to partial cancellation of top-and bottom-side reflections in that depth range. preferred synthetic model to the data stack demonstrates the robust nature of these reflector detections.
[17] Figure 4 summarizes the spatial coverage and depth variation of the midmantle reflectors. Path-averaged discontinuity depths from individual source -receiver corridors were mapped to a two-dimensional grid using a smoothed least squares inverse and assuming equal weighting of all reverberation interactions with each reflector. Only paths that observed the midmantle reflectors were included in the inversion. We used the Akaike Information Criteria (AIC) to determine the optimum grid size [Akaike, 1974] . This resulted in grid centers that were spaced at increments of 15°latitude and 10°longitude. A delete-one jack-knife was applied to the data set for each reflector to examine contributions of individual source -receiver paths to the modeled topography. All paths were included in the inversion for topography along the deeper reflector, but the results shown in Figure 4 omit Paths 9 and 10 for the 850-km reflector. These paths contributed a disproportionate amount to model roughness and lead to apparent artifacts in the topography. While not suited for inclusion in the inversion, path-averaged results for Paths 9 and 10 are considered reliable, and the depths observed along each of the paths individually are broadly consistent with the pattern of topography resulting from the inversion. The 850-km reflector generally dips from east to west, and is flatter in the east and steeper in the western part of the study area (Figure 4, left) . The 1110-km reflector is saddled-shaped, with the high of the saddle running east -west through the center of the study area (Figure 4, right) .
Americas
[18] Six of the eight source -receiver paths in the Americas study detected a reflector in the midmantle ( Figure 5 ).
The observed depths of the midmantle reflections vary, ranging from $920 km to 1530 km. Paths that sample much of the same geographic area (C1 and C2; C3 and S2), however, do see the feature at approximately the same depth (see Table 1 ). Though the depths of the observations vary from path to path, their impedance contrasts rival that across the 660-km discontinuity, with the strength of the midmantle reflectors ranging from $80-120% of the impedance contrast observed at 660 km depth (Figure 6 ). The midmantle reflectors are not seen beneath the two westernmost paths.
Discussion
[19] The depths and geographic extent of reflectors described in this study can be compared to variations in tomography-derived velocity maps to gain further insight about the distribution of the midmantle reflectors. We compare our results to the shear wave tomography by Megnin and Romanowicz [2000] for the southwest Pacific and to that by Grand et al. [1997] for the Americas. The depths we report for the reflectors in the southwest Pacific generally correspond to the center of a fast anomaly seen by Megnin and Romanowicz [2000] . The strongest tomographic anomaly does not extend beneath the Coral Sea (Figure 4) or to depths below $1000 km, though our results show clear reflections from about 850 and 1100 km in this region (Figure 3 ; Paths 2, 3, and 5). Further south, the tomographic anomaly does extend deeper and appears to be one broad anomaly over a large depth range. Our results suggest that this anomaly may actually represent two distinct reflectors, perhaps indicative of multiple phases of subduction not distinguished in the tomographic model. Although we cannot rule out the possibility that our observations result from significant topography along one reflector or from two geographically distinct reflectors occurring at different depths, in the discussion will we give priority to interpretations that can explain the paired observations.
[20] The depths of the reflectors we observe in the Americas also roughly correspond to fast anomalies in Grand et al.'s [1997] tomography model. While the depths and geographic locations of our observations (which are path averages and not directly comparable to tomography) only approximately match the anomalies in the tomography, the similarities in general patterns of the two sets of observations suggest similar origins. The tomographic anomaly first appears near 900 km and is focused along the trend of Paths C1 and C2, which see the midmantle reflector at an average of 936 km in this study. The end points of Path C4 align with the appearance of two patchy anomalies near 1500 km in the tomography model. The reflector we see along this path has a depth of 1527 km and could be a result of the same feature. The reflectors that we observe in the intermediate depths occur in the vicinity of fast velocity anomalies in the tomography model but do not match as well. The reflector along Path S1 has a mean depth of 1131 km, but a fast anomaly is not present in the tomography model until slightly deeper. Paths C3 and S2 see a reflector at an average depth of 1380 km. Path S2 aligns well with the velocity anomaly seen at 1300 km, but Path C3 lies to the west of the extent this feature in the tomography model. Given the similarity in the depths reported and the proximity of the two paths, however, it is likely that Paths C3 and S2 are sampling the same structure. The geographic trend of these paths also corresponds to a region where subducted lithosphere is predicted to rest at 1380 km [Lithgow-Bertelloni and Richards, 1998 ]. This prediction stems from a geodynamic study and is subject to a host of assumptions, but the results do reinforce the interpretation that these reflectors somehow represent fragments of the subducted Farallon plate.
[21] The impedance contrasts between the mantle and slab fragments are an average of $50% and $100% of the impedance contrast observed across the 660-km discontinuity in the southwest Pacific and Americas studies, respectively. The source -receiver paths in the Americas are generally longer and are more tectonically variable than those in the southwest Pacific, which should result in a relatively lower apparent impedance contrast for all reflectors. The greater depth variability of the midmantle reflectors across paths in the Americas should have the same effect on impedance contrast, however the reflectors seen beneath the United States and Gulf of Mexico are stronger relative to the 660-km discontinuity than the reflectors beneath the southwest Pacific. The 660-km discontinuity displays similar amounts of topography beneath both study areas, so that would seem to contribute little to the differences between the two regions. However, these measures are path averages and need not relate easily to along-path variability, which is a cause of reflector dimming in the onedimensional stacks. The depth variability of the midmantle reflectors in both regions indicate that is unlikely that the reflectors are completely continuous at depth, especially for the Americas study, and this contributes to the discrepancies in impedance contrast ratios. All of the source -receiver paths in the Americas study have the same general geographic trend. The depth results indicate that the slab (to the extent that it produces the reflections we see) is fragmented from west to east, but the strong impedance contrast ratios suggests a more continuous structure along the trend of the paths, that is, from south to north, roughly following the strike of paleosubduction zone thought to have produced the Farallon anomaly. In the southwest Pacific, the sourcereceiver paths cross each other and do not align along a particular azimuth. In this region, it is more likely that the deep-slab geometry is not correlated with the distribution of source -receiver paths, leading to dampened impedance contrasts for paths that cross areas where the slab is present only intermittently.
[22] If these reflectors are related to the dynamics of subducted slabs directly, mapping the reflections in the midmantle has implications for interpretations of tectonic evolution, particularly in the southwest Pacific where the subduction process at the surface is ongoing. The geologically sudden introduction of slab material into the midmantle through ''mantle avalanches'' or ''slab flushing'' has been suggested as an instigator for subduction polarity change, mantle plume initiation, large-scale volcanic events, episodic continent growth, and changes in ridge dynamics [Brunet and Machetel, 1998; Condie, 1998; Pysklywec et al., 2003; Steinbach and Yuen, 1994] . In particular, Pysklywec et al. [2003] suggested that the change in subduction polarity and opening of basins in the southwest Pacific is a result of a slab avalanche across the 660-km discontinuity. If the reflectors we observe stem directly from slabs themselves, then the abruptness and cyclicity of a mantle avalanche process could provide a mechanism for producing the fragmented nature of the slabs at depth. However, modeling of the tectonic history in the Americas [Tan et al., 2002] resulted in patterns very similar to tomography assuming no avalanching, and so this explanation may not explain observations in both areas. This interpretation also requires that reflectors detected as slab fragments be oriented at least subhorizontally within the mantle (to produce detectable reflectors with our 1D, i.e., no dip, method), which requires a flattening of the slabs from the original incidence angle, a process that would likely occur as slabs stall in the transition zone in this scenario. The greatest problem with this explanation is simply this: how does a primarily thermal anomaly produce strong reflections? Reflection from the former Moho is one possibility. To be effective in this case, opposite polarity reflections from the former crust's upper boundary must not largely cancel those from the Moho. Helffrich [1999, 2003 ] detected S to P wave conversions within a dipping layer between 1400 and 1600 km depth beneath the Mariana and IzuBonin subduction zones. Modeling of the phase conversions suggests an 8-km-thick layer with shear velocity 4% lower than surrounding mantle, which they interpret as former oceanic crust. Given the dominant period of our data ($25 s), reflections from the top and bottom of such a layer would cancel. However, Kaneshima and Helffrich's data also can be modeled adequately as single conversion from a ! 8% velocity increase, which is sufficient to explain the amplitude of the reflectors seen in this study and doesn't suffer from destructive interference. The origin of such a velocity increase remains quizzical. If due to the former Moho, the near equivalence of residual dunite (former subcrustal oceanic lithosphere) and ambient mantle chemistry would predict little velocity contrast with the vast bulk of tomographically imaged high velocities owing to temperature contrasts [Lee, 2003] . Avalanching into the lower mantle, assuming little entrainment of surrounding material, could produce a new thermal boundary around the slab, offering a possible solution. Even this explanation is problematic for the North America observations where both tomography [Grand et al., 1997] and geodynamic modeling [Tan et al., 2002] imply slab fragments that are oriented more nearly vertical in the midmantle.
[23] An alternative is to relate the reflectors to chemical heterogeneity in the midmantle rather than to slabs directly. One such approach is to call for a chemical boundary layer, e.g., the Repetti Discontinuity, in the mid-to lower mantle [e.g., Wen and Anderson, 1997] . In this scenario, density and velocity contrasts across the boundary would be strong enough to produce reflections directly or to impede the descent of the slabs, resulting in reflections from subducted slabs sitting atop the chemical boundary layer. This explanation is inconsistent with our observations for several reasons. If the reflections result directly from the chemical boundary layer, then velocity should decrease with depth as indicated by tomography [Megnin and Romanowicz, 2000] . The velocity contrast we observe has the opposite sense, leaving the possibility that we detect slabs stalled atop the chemical boundary layer. This interpretation, however, explains neither the paired reflectors in the Southwest Pacific nor the varied depth observations from path-to-path in the Americas. Nor does it explain the paucity of midmantle discontinuities observed outside subduction zones [Shearer, 1991; Vidale et al., 2001] . If global, the chemical boundary layer must be present outside subduction zones; if anything, one would expect it to be pushed aside and highly distorted by deep subduction. Our observations are also poorly explained by smaller scale, plum-pudding-type chemical heterogeneities. While this interpretation may work for high-frequency scatterers [e.g., Vinnik et al., 1998 ], the lateral and radial distribution of these heterogeneities would result in strongly damped, possibly undetectable, observations with the low-frequency ScS phases we use.
[24] Our observations are more consistent with nearisobaric reactions occurring either within subducted slabs or in the surrounding subduction-modified mantle. Interpretations that involve reflections originating from pressuredependent phase transitions allow subducting slabs to remain inclined as they descend through the mantle, as the reflections can originate from within the slab rather than at the mantle -slab interface. The shallower midmantle reflectors we observe could be related to metastable garnet in the slab below the transition zone. Cold slab temperatures may delay the postgarnet transformation until around 800 km depth [Kubo et al., 2002] , which could cause the reflections we observe near this depth. For this explanation to work for the deeper reflectors as well, the buoyancy resulting from metastable garnet would have to lead to delamination of the crust from the slab, in which case we observe the subducted crust as the shallower reflector and a signal from subducted mantle as the deeper one. The aforementioned problems with top and bottom side reflection interference are present here as well.
[25] Stixrude et al. [2007] predict a phase transition in Ca-perovskite with a large elastic anomaly, and this phase change may also explain our observations. It is possible that this phase transition occurs multiple times in regions associated with subduction, as the pressure -temperature behavior of the phase transition is very similar to estimated subduction geotherms. We do not, however, see evidence of transitions out of the Ca-perovskite phase which would be marked by shear wave impedance decreases and would be required for a single transition in Ca-perovskite to explain our paired reflectors.
[26] Phase transitions within dense hydrous magnesium silicates (DHMS) offer another explanation, one that is able to produce paired reflectors. As subducted serpentine is subjected to higher temperature and pressure, it becomes unstable, and Phases A, E, B, and D in the DHMS system are stabilized [Faust Larsen et al., 2003; Gasparik and Brearley, 1990; Kanzaki, 1991; Ohtani et al., 2000; Shieh et al., 1998 ]. The reflections we observe can be explained by the transitions of superhydrous Phase B to Phase D near 800 km and out of the Phase D stability field near 1100 -1400 km depth [Shieh et al., 1998 ]. Water released as a product of the latter reaction would lower seismic Q and could produce melt. Low Q is observed in the midmantle in some regions of deep subduction [Lawrence and Wysession, 2006] and may reflect the same processes that give rise to midmantle reflectors.
Conclusions
[27] Mapping of paired, spatially coherent reflectors corresponding to fast tomographic anomalies beneath the southwest Pacific Ocean and Melanesia, and isolated reflections from what might be fragmented remnants of the Farallon slab beneath the United States and Gulf of Mexico indicates that the midmantle is a host for subducted lithosphere and that seismic detection of the subducted material is possible with appropriate data sets. Impedance-sensitive, local seismic studies can be paired with global and local tomographic results to investigate broad features and understand variability in the midmantle, both near subduction zones and elsewhere. We observe midmantle reflectors with low-frequency shear waves over broad geographic regions and find that their spatial distribution and seismic properties are more readily interpreted as due to pressure -temperature-dependent phase transitions within or around subducted slabs than to either large-scale chemical layering or smallscale chemical heterogeneities. Candidates for the nearisobaric phase transitions that could explain our observations include a kinetically inhibited postgarnet transformation around 800 km, phase changes in Ca-perovskite along a subduction geotherm, or phase transitions in dense hydrous magnesium silicates around 800 and 1100 km. Deeper reflections beneath North America lack a convincing origin. Nonetheless, identification of subducted lithosphere or subduction-modified material in the mid-and lower mantle, while only pieces of the puzzle, are important parts of unraveling the answers to the suite of questions that exist with regard to the radial heterogeneity and chemical evolution of the mantle.
